Objective: To review the potential health risks associated with bioengineered ocular surface tissue, which serves as a bellwether for other tissues.
proval, patient consent, and donor serologic test results were not consistently provided. No references were made to risk assessment or to codes of manufacturing and clinical practice.
Conclusion: While a degree of risk is associated with bioengineered ocular surface tissue, investigational reports of this new technology have yet to address issues of risk management and regulatory oversight.
Clinical Relevance: Attention to risk and codes of manufacturing and clinical practice will be required for advancement of the technology. We suggest the adoption of international standards to address these issues.
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A DVANCES IN BIOENGINEERing and stem cell research betoken revolutionary changes in the practice of medicine, but while the science, ethics, and morality have been passionately debated, little attention has been given to managing risks inherent to production protocols, which are often complex and research based. Current investigational protocols rely on the use of animal and/or donor human tissue products and thus carry the potential to induce xenogenic microchimerism in recipients or disease transmission through contamination with bacteria, viruses, or other infectious agents, such as those responsible for transmissible spongiform encephalopathy (TSE). [1] [2] [3] [4] [5] Until specific guidance can be established for emerging cellbased therapies, potential manufacturers are being encouraged by regulators to adopt strategies that minimize risk to patient well-being. The financial costs of adopting these measures and varying degrees of legislative and regulatory oversight globally may drive future clinical trials to markets with fewer legislative and regulatory restrictions. This is disadvantageous to clinical investigators and may permit the emergence of significant risks to public health on a global scale. This current work examines features of current techniques that may infringe benefits to society.
The origins of bioengineered ocular surface tissue draw on the seminal work of Todaro and Green, 6 who established an embryonic murine cell line referred to as 3T3 cells (fibroblastic phenotype) for studies of cellular transformation and subsequently demonstrated that these cells support the ex vivo cultivation of human skin keratinocytes. 7 Clinical application of cultured epidermal sheets onto burn patients commenced in the early 1980s. 8 In this context, risk may have been considered in a different light because of the serious and untreatable nature of the burns. Subsequently, it was realized that similar techniques could be applied to the ocular surface following the demonstration that stem cells for regenerating the corneal epithelium are located within the peripheral margin known as the limbus. 9 Nevertheless, the preparation of bioengineered tissue for the ocular surface, unlike that for skin, remains an investigational therapy with little consensus as to the most appropriate materials and procedures. The evolution of a routine, licensed protocol will require manufacturers to evaluate and remediate potential risks to patient safety. Thus, we have conducted a review of investigational protocols used in the preparation of bioengineered tissue for the ocular surface with the view to identifying potential risks along with measures for their remediation. In doing so, we highlight issues of relevance to emerging strategies for bioengineering other human cell products and draw attention to key guidance published in various jurisdictions.
METHODS
We reviewed all published accounts of human trials using ex vivo expanded epithelial stem cells (presumed), usually combined with, or applied to, a matrix carrier or substrate, for the reconstruction of the ocular surface during the period from July 1, 1996, to June 30, 2005 . We reviewed the manufacturing procedures for the preparation of the bioengineered tissue and reviewed the known inherent risk of each documented step. This included the source and production of all components that had indirect or direct contact with each graft during preparation. We reviewed each publication for statements of ethical oversight, risk assessment, and techniques of risk remediation associated with these trials. Risk was defined as an event or consequence with a probability of occurrence leading to an impact on the health of the patient or wider society. In some cases, the probability of the occurrence of this risk was not known because it had not been measured or had not occurred but could not be considered impossible. We reviewed the availability of current regulatory documents with relevance to the preparation and clinical application of bioengineered tissue, where such information was available, from European, US, and Australian authorities.
RESULTS
Twenty human trials or case reports involving a total of 275 patients were published during the review period. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] These studies used ex vivo expanded presumed corneal, conjunctival, or oral mucosal epithelial stem cells for the management of ocular surface disease. Nineteen studies used various combinations of animalderived products, including fetal bovine serum and other bovine-derived products, trypsin (source not documented but presumed to be porcine), cholera toxin, and feeder cell layers composed of irradiated or mitomycin C-treated murine 3T3 cells. Allogeneic human components, including limbal-corneal epithelial cells, human thrombin and fibrinogen, and amniotic membrane, were used in 19 studies. Details of donor serologic test results were provided in 4 publications. Autologous human products, including contralateral ocular surface cells, oral mucosa epithelium, and serum, were used in 17 studies ( Table 1) . The remaining materials are mainly standard research materials that are unlikely to have been labeled as "sterile and for therapeutic use" (a requirement under Good Manufacturing Practice), with the possible exception of insulin, antibiotics, and hydrocortisone, for which there exist pharmaceutical formulations but no details are given. The known and potential risks associated with materials used during graft preparation are listed in Table 2 . Some risks have no documented probability but have occurred in similar settings (eg, cultured skin grafts). These risks should be assessed in context. The application of bioengineered skin in life-threatening conditions may warrant the acceptance of greater risk than sight-saving or cosmetic procedures.
Eleven studies used murine 3T3 cells to facilitate ex vivo expansion, but details regarding methods for growth inactivation are incomplete. As such, 4 studies stated use of gamma irradiation, but no details of dosage are given. Current practice for treating 3T3 fibroblast layers for cultured skin grafts uses 60 Gy of gamma radiation, although application is not standardized. 34 Five studies stated use of mitomycin C at doses ranging from 4 µg/mL to 4 mg/mL for 2 hours, but the upper dose is suspected to be a typographical error at the time of publication (ie, should also be micrograms per milliliter). Cells treated by either irradiation or mitomycin C are described as "lethally irradiated" or "growth arrested." Three studies document the source of the 3T3 cells, but there was no evidence of in vitro testing of 3T3 feeder cells for contamination by murine viruses, bacteria, or tumorigenic potential prior to use.
Risk remediation has not been specifically addressed but there is some evidence of underlying concerns. For example, 1 protocol mentions the sourcing of fetal bovine serum from Australian and New Zealand herds, a practice that is consistent with guidelines issued by national regulatory agencies for managing the risk of TSE from bovine products ( Table 3) . Other bovine products used, such as pituitary extract, may also have been obtained from closed herds from geographically lowrisk countries, although this is not documented.
Thirteen articles contained statements regarding ethics committee or institutional review board approval at a local level, but 16 make mention of acquiring patient consent. Six studies include a statement referring to the Declaration of Helsinki. No protocols made reference to national codes of Good Manufacturing Practice, Good Laboratory Practice, or current Good Clinical Practice or related guidelines. No international codes for manufacturing and clinical practice are known, but guidance documents are available on a limited number of specific issues (Table 3) .
COMMENT
Published reports of patients treated with bioengineered ocular surface tissue began in 1997 10 and include work by 2 of us (I.R.S. and D.G.H.). 11, 13, 24 Manufacturing standards reported in the investigational setting may be different from those required for licensing of protocols in major markets. We have reviewed the potential health risks to the individual patient and the broader society associated with this nascent technology. Such attention may also be relevant to many other tissues and organs in commercial manufacture as the processes of globalization and regenerative medicine progress and mature.
The known consequences of the murine 3T3 feeder layer include xenogenic microchimerism, 5 xenoantigenicity, 5 and potential contamination with virus 1 or prion agents 38 during its production. There are potential risks from 3T3 feeder layers that have not been documented to date but remain present because of analogous risk from other fields such as xenotransplantation or embryonic stem cell investigation. Xenozoonosis, 39, 40 cell fusion, 41 and tumorigenesis 42 remain theoretical possibilities especially in light of the potential mutagenic effects of gamma irradiation and mitomycin C, which both affect DNA. There have been a number of historical precedents for animal-to-human disease transmission [43] [44] [45] and this consequence may be more likely in patients receiving allogeneic grafts combined with immunosuppression. Furthermore, unrecognized and unknown viral agents may be present in the murine cells. A good example of such exposure was documented with the simian virus 40 contamination of poliovirus vaccine between 1955 and 1962. The virus was only recognized in 1960 and may have increased the risk of cancer in those who received the vaccine. 30 Any xenozoonosis is potentially lethal to the recipient and a greater unknown human community if the agent adapts to the human genome. Murine genomes encode endogenous retroviral sequences. 46 Retroviruses are known to integrate with host genomic DNA and transmit to all progeny. Such xenozoonosis has not been reported yet with keratinocyte ex vivo expansion, but such transmission could present devastating consequences to the individual recipient as well as the wider community.
On the basis of phylogenetic analysis, it has been shown that human endogenous retroviral sequences have a close relationship to the murine leukemia virus genus. 47 Evidence exists that recombination due to exogenous infection of cells expressing endogenous retroviral sequences leads to generation of novel pathogenic strains in a feline model. 48 Importantly, there are a number of murine viruses for which evidence of disease in man exists. 49, 50 This paradigm for concern is relevant given that more than half the protocols reviewed involved coculture of patient cells with murine 3T3 cells in the absence of normal immune defense functions. If this is seen as a remote risk, it is now believed that human immunodeficiency virus (HIV) is a xenozoonosis 51 and perhaps even could be considered iatrogenic. 52 Xenogenic microchimerism has been seen in at least half of patients receiving skin keratinocyte grafts, 5 and these cells have been known to persist for at least 8 years. 53 Because the 3T3 cell lines were originally established for the evaluation and testing of oncogenesis and because some 3T3 lines have lost contact inhibition, 54 sourcing these cells becomes critical. It is thus encouraging that some groups have avoided use of 3T3 cells in the culture system. Nevertheless, the relative efficacy of cultures established in the presence or absence of 3T3 cells is unclear.
Current known methods of 3T3 growth inactivation (although not always documented) include irradiation by exposure to cobalt 60 or other gamma source. The radiation dosage used (60 Gy, based on skin culture protocols) is neither immediately lethal to cells 55 nor antimicrobial. 56 Furthermore, there may be little or no direct investigator knowledge of the cobalt 60 instrumentation and its calibration, process validation, dose mapping, or compensation for radioactive decay. Indeed, dose verification was not documented in any study. Treatment with mitomycin C has been used as an alternative to irradiation, although less is known about cellular lethality or antimicrobial effects of this treatment modality. Remediation of risks associated with the use of 3T3 cells could include tests for bacterial and viral contamination or tumor-forming capabilities. Human alternatives to murine 3T3 cells should also be considered, and mechanisms for encouraging cell expansion in the absence of any support cells should be emphasized as a research priority.
Bovine products have a variable probability of TSE infection that could be as high as 1.5 in 1 million. 33 We suspect that most investigators used bovine products from closed herds residing in geographically low-risk coun- 57 Moreover, purified bovine aprotinin itself has been documented as a source of allergy and even fatal anaphylaxis at a reported rate of perhaps 1 in 2 million. 31, 32 Broader research into the use of bovine products in research reagents reveals some unexpected findings. For example, some form of bovine serum (eg, bovine serum albumin) may be included in formulations of recombinantly purified growth factors as a stabilizing agent, in media for cryogenic storage of patient cells, or as a contaminant of 3T3 stocks. Even some culture plastic may be formulated with stearates derived from beef tallow, although this is regarded in some guidance documents (Table 3) as low risk because of the rigors of processing, but this does illustrate the necessity to carefully investigate the formulation of research materials adapted for clinical use. Remediation could include autologous human substitutes for bovine products, but other alternatives should also be investigated.
A low risk level was determined for porcine trypsin, although it is of animal origin. "Swine influenza," Nipah virus encephalitis, or retroviral infections have been reported sporadically among agents that could be transmitted with swine cellular transmission. 58 The process of enzyme purification would probably minimize these risks, although this is not known. Remediation for this product could include plant-derived trypsins and trypsin inhibitors. Cholera toxin, despite its name, was also assessed as low risk given the degree of purification, dose, and nature of use (culture medium supplement), but disease transmission remains theoretically possible, albeit unlikely. Isoproterenol, which mimics the actions of cholera toxin by also increasing the level of cyclic adenosine monophosphate in the cytoplasm, would therefore be preferable and has investigational support. 59 Contamination of donor human material with HIV, hepatitis C virus (HCV), human T-lymphotrophic virus, or other infectious agents remains rare, but risk is still inherent in these products. The estimated probability of viremia in tissue donors in the United States is reported to be 1 in 55 000 for HIV, 1 in 34 000 for HCV, and 1 in 128 000 for human T-lymphotrophic virus. 4 The latency period for HIV immune response is up to at least 10 months even though the HIV viremia in those individuals is documented. 60 At least 8 patients receiving various organs or tissues (outside of the presently reviewed studies) have been documented as having acquired HCV from a single donor who tested negative for this virus and was presumed to have been in the window between infection with HCV and development of a detectable HCVantibody response. 61 All allogeneic products would be subject to these risks of viral infections. Other pathogens, such as those responsible for TSEs, have been transmitted via purified pituitary hormone, 62 corneal transplantation, 2, 3 and even blood transfusion 63 and so must also be considered a potential inherent consequence of any allogeneic human tissue transplant. Remediation of risk associated with human allogeneic products will require continued testing and vigilance.
No single guidance, regulation, or codified manual encompasses these issues. Even the Food and Drug Administration does not have a single document to provide standards or recommendations or a summary of requirements to investigators. Moreover, the final product often defies regulatory classification. All aspects and sourcing of such products beyond appropriate local institutional approval and informed consent from the individual patients should be considered on an international level. National and international regulatory agencies could provide more organized and definitive guidance because existing manufacturing guidelines are scattered and can be difficult to locate. An assembled list of key guidance documents is provided in Table 3 .
To address the inconsistencies in ethics committee approval in these studies, we suggest an addendum to the Declaration of Helsinki to the effect that risk evaluation should be standard presentation in an application involving the transplantation of human and animal cellderived products, including suitability of manufacture.
In conclusion, investigational protocols for the manufacture of bioengineered ocular surface tissue have relied on the use of materials from animal and human donors, both of which carry varying levels of inherent risk to the individual and wider community. While no specific guidelines are available with reference to this technology, generic codes for manufacturing and clinical practice do exist on a national level along with associated national and international guidance documents. Published reports of clinical trials have neither made reference to these documents nor to formal methods of risk assessment and remediation. Nevertheless, it remains possible that such measures were taken in some if not all of the trials reviewed.
International guidance for scientists, surgeons, regulators, ethics committees, and even journal editors is essential to ensure that potential health risks are managed globally in a consistent and uniform manner. An effective approach could be through an addendum to the Declaration of Helsinki, but perhaps the best arena would be through the International Conference on Harmonization, which was borne out of a need to rationalize and integrate the global introduction of pharmaceuticals in response to health risks. 
